Many G-protein-coupled receptors (GPCRs) undergo agonist-induced endocytosis. Endocytosis contributes to distinct processes that regulate the number and functional activity of receptors present in the plasma membrane, contributing to the well described processes of receptor sequestration and down-regulation. Emerging evidence suggests additional functions of endocytosis in mediating GPCR signalling via certain effector pathways, such as mitogen-activated protein kinase modules. The diverse functions of endocytosis raise fundamental questions about the nature of the vesicular carriers and membrane pathways that mediate the endocytic trafficking of specific GPCRs. Insights into the biochemical and functional properties of endocytic vesicles containing internalized opioid and adrenergic receptors will be discussed. Progress towards understanding the mechanisms that control the specificity with which distinct GPCRs are sorted to specialized subpopulations of endocytic vesicles will be highlighted.
Introduction
Heptahelical G-protein-coupled receptors (GPCRs) comprise a large superfamily of signaltransducing receptors, and mediate the physiological actions of the majority of known hormones, neurotransmitters and neuromodulators. Members of the GPCR superfamily also function as biosensors for extracellular ions, light, odorants and pheromones. Moreover, GPCRs are extremely important targets for therapeutic and abused drugs. GPCRs mediate transmembrane signal transduction by serving as ligand-regulated guanine nucleotide exchange factors for a family of heterotrimeric GTP-binding proteins located in the cytoplasm which, in turn, regulate various downstream effectors. In addition to this 'classiKey words: P2-adrenergic receptor, down-regulation, GPCR sequestration, traficking. Abbreviations used: &AR; a-adrenergic receptor; GPCR, Gprotein-coupled receptor: MAP kinase, mitogen-activated protein kinase. 'e-mail zastrow@itsa,ucsf.edu cal' mode of receptor signalling, recent studies suggest the interesting possibility that additional mechanisms of GPCR signalling may be mediated by distinct cytoplasmic protein interactions [ 13.
A general feature of GPCRs is that they are extensively regulated in cells. This regulation is thought to be critical to the physiological homoeostasis of GPCR signalling, which can be disturbed in certain pathophysiological states and is strongly influenced by clinically relevant drugs [2]. The fundamental physiological and biomedical importance of GPCRs has motivated an enormous amount of study into mechanisms of receptor regulation. Progress in this area has been accelerated greatly over the past 15 years by the availability of cloned receptor cDNAs, as well as by the creative use of cultured cell and in oitro biochemical systems that model specific aspects of GPCR regulation.
Much has been learned about mechanisms that regulate GPCRs acutely, i.e. within seconds to minutes after ligand-induced activation. This work has been summarized recently in several excellent reviews [3-61. Considerably less is known about biochemical mechanisms that regulate GPCRs over a longer time scale. Nevertheless, regulation of GPCR signal transduction over a period of hours to days is thought to be important in physiological adaptation induced by endogenous ligands, as well as in the clinical effects of exogenously administered drugs that are typically used in a chronic or repeated manner [7, 8] .
Moreover, recent studies (discussed below) suggest that endocytosis serves additional functions in mediating GPCR coupling to certain downstream signalling pathways.
Endocytosis of GPCRs serves multiple functions in GPCR regulation and signal transduction
Processes of GPCR regulation have been distinguished traditionally by differences in kinetics and reversibility. This is well illustrated by classical studies of the P,-adrenergic receptor (P,AR), reviewed in detail elsewhere [3-61. Rapid attenuation or desensitization of P,AR signalling by GPCR kinases and B-arrestins occurs within seconds to minutes after agonist-induced activation. 
Sequestration of GPCRs
The process of GPCR sequestration refers to a decrease in the number of radioligand binding sites detected at the surface of intact cells, typically observed within several minutes after agonistinduced activation of receptors, which is not associated with a detectable change in the number of ligand binding sites detected in cell lysates [14]. Studies using biochemical and immunochemical techniques established definitively that sequestration of the BzAR can be mediated by endocytosis, and they provided direct morphological evidence that this process is mediated by a well characterized endocytic pathway involving the concentration of receptors in clathrin-coated pits and subsequent recycling back to the plasma membrane [ 1 5,161.
Endocytosis can serve as a primary mechanism to attenuate signal transduction by rapidly and reversibly removing receptors from the cell surface. This function may be the major mechanism of functional desensitization of opioid receptors when expressed in cells at relatively low levels comparable with those observed in native tissues [ 171. Another function of rapid endocytosis, which has been characterized extensively in studies of the B,AR, is to promote functional resensitization of signal transduction by delivering phosphorylated (' desensitized ') receptors to an endosome-associate phosphatase [18,19]. Recent studies of the V, vasopressin receptor suggest that rapid endocytosis of certain GPCRs can also lead to a prolonged retention of receptors in intracellular vesicles, thus leading to a prolonged state of functional desensitization that is not associated with detectable proteolysis of receptors [11,20].
Down-regulation of GPCRs
Another important function of endocytosis is to promote trafficking of certain GPCRs to lysosomes, in which receptors are down-regulated via proteolytic degradation [21]. Despite the importance of this mechanism in various cell types [22,23], it is important to note that lysosomal proteolysis is not the only mechanism by which GPCRs can undergo down-regulation. Indeed, there is considerable evidence that distinct, nonlysosomal mechanisms can mediate the proteolysis of mammalian GPCRs, at least in some cases. For example, the V, vasopressin receptor has been reported to undergo ligand-induced proteolysis by a non-endocytic mechanism mediated by a plasma membrane-associated metalloprotease There is also evidence that endocytosis of GPCRs may be required for certain signal transduction pathways leading to the nucleus [33, 34] . This has led to considerable interest in the possibility that GPCRs may signal from endocytic membranes. An interesting example of such evidence comes from studies suggesting an essential role for GPCR endocytosis in activating the mitogen-activated protein kinase (MAP kinase) cascade [35, 36] . It has been proposed that signalling of internalized P,ARs to MAP kinase is mediated by a Srcassociated endocytic signalling complex containing the activated receptor [37] . Various studies have questioned the precise requirement for the endocytosis of certain GPCRs in this particular signalling pathway [3841] , and have led to the realization that there exists great diversity among mechanisms of GPCR signalling to MAP kinase modules, some of which do not require endocytosis of the GPCR itself [42, 43] . Nevertheless, recent studies of the PAR, protease-activated receptor, the NK, neurokinin receptor and the P,AR support the hypothesis that intracellular vesicles containing internalized GPCRs may indeed be sites at which functional MAP kinase modules are assembled [44] [45] [46] . It has been proposed that, in some cases, the assembly of endosome-associated ' signalling scaffolds ' may not be essential for the activation of downstream kinases. Rather, such scaffolds may function to control the selectivity of downstream signalling by restricting the accessibility of activated kinases to a subset of potential cellular substrates [44] [45] [46] .
Progress in understanding the mechanisms that determine the specificity of GPCR trafficking in the endocytic pathway
The diverse functions served by GPCR endocytosis highlight the importance of understanding the mechanisms that determine the specificity of GPCR trafficking in the endocytic pathway. A large number of studies have addressed diversity among GPCRs in their relative ability to enter the endocytic pathway, and have explored the apparent diversity of mechanisms by which GPCRs can be endocytosed. Less is known about mechanisms that determine the specificity of GPCR trafficking after endocytosis. The most progress towards this goal has been made in understanding the GPCR trafficking between pathways leading to recycling endosomes or to lysosomes. This ' sorting decision ' has profound functional consequences and is relatively easily measured using various biochemical and immunocytochemical methods.
Mechanisms of GPCR endocytosis
In order to begin to understand the membrane pathways mediating the lysosomal targeting of GPCRs, it is of interest to examine the mechanisms by which receptors are initially internalized from the plasma membrane. Many GPCRs undergo ligand-induced endocytosis via clathrin-coated pits, a process that can be promoted by a highly conserved mechanism mediated by receptor interaction with B-arrestins [9, 47, 48] . However, distinct GPCRs differ significantly in their ability to undergo endocytosis by coated pits, and there is strong evidence for the existence of receptorspecific and cell-type-specific differences in the precise mechanisms of GPCR endocytosis. For example, while the P,AR is endocytosed by morphologically identifiable clathrin-coated pits in HEK293 cells [16] , this receptor appears to be endocytosed in other cells by distinct membrane invaginations that resemble caveolae [49] . CCK (cholecystokinin) receptors have been observed in both clathrin-coated pits and caveolae in the same cells [SO] . The endocytosis of several GPCRs is not detectably inhibited by a dominant-negative mutant form of dynamin, which blocks the endocytosis of both clathrin-coated pits and caveolae [Sl-531, suggesting that additional mechanism(s) of GPCR endocytosis may also function in some cases [54-561.
Molecular sorting of GPCRs after endocytosis
One function of multiple mechanisms of GPCR endocytosis might be to target receptors to distinct membrane pathways (such as those leading to recycling endosomes or to lysosomes) immediately from the cell surface [13, 57] . However, this is not true in all cases, and there is considerable evidence for additional mechanisms that determine the specificity of GPCR trafficking after endocytosis. For example, D, and D, dopamine receptors undergo proteolytic degradation with similar rates, despite apparent differences in the initial stages of endocytosis [56] . Extensive previous studies of the receptor-mediated uptake of extracellular ligands indicate that molecular sorting between the recycling and lysosomal pathways can occur after endocytosis [58, 59] . Recent studies of adrenergic and opioid receptors suggest that this may also be true for certain GPCRs. Both agonistinduced sequestration and down-regulation of the B2AR are specifically inhibited by a dominantnegative mutant form of dynamin, suggesting that the endocytosis of receptors by clathrin-coated pits is an obligate first step common to membrane pathways, leading to recycling endosomes and to lysosomes [60] . Studies of membrane trafficking of opioid receptors, which are also endocytosed by clathrin-coated pits in HEK293 cells [61, 62] , support this conclusion. These studies demonstrated that distinct GPCRs can be sorted in a type-specific manner between the recycling and degradative pathways after endocytosis by the same mechanism, and they suggest further that the sorting machinery that mediates this process operates very rapidly (within several minutes) after the initial endocytosis of receptors [63] .
The membrane machinery controlling the post-endocytic sorting of internalized GPCRs remains poorly understood. Initial insight into a specialized mechanism that controls sorting of the &AR between the recycling and lysosomal pathways has been described recently [64] . As noted above, the B2AR recycles rapidly and efficiently to the plasma membrane following endocytosis in HEK293 cells. Mutation of a sequence in the distal portion of the C-terminal cytoplasmic tail, which disrupts a PDZ-domain-mediated interaction of the P2AR with NHERF/EBP50/ E3KARP-family proteins [64-661, causes internalized P2ARs to recycle with significantly reduced efficiency and to exhibit preferential targeting to lysosomes [64] . A similar protein interaction has been shown previously to mediate receptor signalling in the plasma membrane via regulation of the NHE3 Na+/H+ exchanger [65] . The functional implications of this observation are not yet understood, but suggest the interesting possibility that the mechanisms mediating GPCR signalling and endocytic sorting are closely related.
Conclusions
Studies of GPCR endocytosis in model cell systems has established the importance of mechanisms that mediate the molecular sorting of receptors between membrane pathways that serve distinct functions in GPCR signalling and regulation. One point at which molecular sorting occurs is at the plasma membrane, where structurally homologous GPCRs differ in their ability 503 to enter specific membrane specializations, such as clathrin-coated pits and probably other structures such as caveolae, which mediate the rapid endocytosis of certain receptors. Molecular sorting also occurs after endocytosis, as indicated by the segregation of GPCRs that is observed after coendocytosis via clathrin-coated pits. /%Arrestins play an important role in controlling the initial endocytosis of GPCRs and may also function after endocytosis, as suggested by receptor-specific differences in the association with arrestins after endocytosis. Additional mechanisms appear to function in determining the specificity of GPCR sorting after endocytosis, as indicated by recent studies of P2AR sorting between recycling endosomes and lysosomes. These studies suggest an important role for protein interactions involving the cortical actin cytoskeleton in controlling the post-endocytic trafficking of certain GPCRs. In addition, the apparently diverse functions of proteins implicated in post-endocytic sorting of the &AR suggest new insight into the intimate relationship between mechanisms of GPCR signalling and membrane trafficking. 
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